'  Power  Sources  253  (2014)  230-238 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 


ELSEVIER 


epage:  www.e 


■n/locate/jpowsou 


Star-shaped  carbazole  derivative  based  efficient  solid-state  dye 
sensitized  solar  cell 

Asta  Michaleviciute  a,  Martial  Degbia  b,  Ausra  Tomkeviciene a,  Bruno  Schmaltz  b, 

Egle  Gurskyte a,  Juozas  Vidas  Grazulevicius a’  *,  Johan  Bouclec,  Francois  Tran-Vanb,! 

a  Department  of  Organic  Technology,  Kaunas  University  of  Technology,  Radvilenu  pi.  19,  LT-50254  Kaunas,  Lithuania 

b  Universite  F.  Rabelais,  Laboratoire  de  Physico-Chimie  des  Materiaux  et  des  Electrolytes  pour  I'Energie  (PCM2E),  EA  6299,  Parc  de  Grandmont,  37200  Tours, 
c  Institut  XLIM  UMR  7252,  Universite  de  Limoges/CNRS,  123  av.  A  Thomas,  87060  Limoges  Cedex,  France 


H  I  G  H  L 


G  H  T  S 


GRAPHICAL  ABSTRACT 


i  Star  shape  carbazole  molecular 
glasses  were  synthesized  and 
characterized. 

'  Optical  and  energy  level  of  the 
molecule  are  well  adapted  for  D102 
based  DSSC. 

'  ssDSSC  using  the  carbazole  derivative 
shows  higher  fsc  than  the  spiro- 
OMeTAD. 

i  Power  conversion  efficiency  of  2.23% 
was  obtained  without  optimization. 
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Two  new  star-shaped  carbazole  molecules,  including  tri(9-(methoxyphenyl)carbazol-3-yl)amine  named 
TMPCA  having  molecular  glasses  properties  and  hole  transport  properties  were  synthesized.  Their 
thermal,  optical,  photophysical  and  electrochemical  properties  were  studied.  The  carbazole  based  mol¬ 
ecules  exhibit  high  thermal  stability  with  5%  weight  loss  temperatures  over  480  °C  with  higher  glass 
temperature  transitions  164—175  °C  than  the  classical  spiro-OMeTAD  reference  molecule.  Their  optical 
band  gaps  (2.76  eV)  are  low  enough  not  to  hinder  neither  the  absorption  of  the  indoline  sensitizer  (D102) 
nor  its  photoexcitation  and  charge  transfer.  Solid  state  ionization  potential  (IPs)  of  TMPCA  is  well  adapted 
to  that  of  D102  and  ensure  a  driving  force  ArG  >0.2  eV  for  an  efficient  transfer  and  regeneration  of  the 
photo-oxidized  dye.  Solid-state  dye  sensitized  solar  cells  ITO/TiO2/D102/T4MPCA/Au  showed  a  power 
conversion  efficiency  of  2.23%  with  Jsc  of  8.85  mA  cnr2  under  standard  AM  1.5  simulated  solar 
irradiation. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  the  lack  of  fossil  fuels  and  the  race  towards  low  cost 
and  high  energy  conversion  efficiency,  organic  or  hybrid  solar 
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cells  have  drawn  much  attention  [1^4],  Among  them,  Dye 
Sensitized  Solar  Cells  (DSSC)  have  attracted  increasing  interest 
in  the  last  decade  and  is  now  appearing  as  a  serious  potential 
alternative  to  silicon-based  photovoltaic  devices.  DSSCs  with 
high  conversion  efficiencies  over  11-12%  using  dyes  based  on 
Ruthenium  complex  [5,6]  or  zinc  porphyrine  [7]  have  been 
prepared.  Usually,  such  a  high  performance  is  obtained  in  DSSC 
with  a  liquid  electrolyte  containing  an  iodide/triiodide  (F/IJ)  or 
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cobalt  (II/III)  based  redox  system  prepared  in  solution  with 
acetonitrile. 

However,  such  cells  suffer  from  potential  leakage  problems 
associated  with  the  corrosive  and  volatile  nature  of  the  liquid 
electrolyte  and,  thus,  may  not  be  practical  for  large-scale  applica¬ 
tions  [8],  Recent  efforts  therefore  have  been  devoted  on  substitut¬ 
ing  the  liquid  electrolyte  with  solid  or  quasi-solid  electrolytes.  In 
solid-state  DSSC  (ssDSSC),  a  solid  hole  transporting  material 
(HTM)  is  used  such  as  the  well-known  2,2',7,7'-tetrakis(N,N-di-p- 
methoxyphenylamine)-9,9'-spirobifluorene  (spiro-OMeTAD). 
Compared  to  conjugated  polymers  [9],  amorphous  metastable  low 
molecular  weight  compound  named  molecular  glasses  possess  the 
advantage  to  be  easily  incorporated  inside  the  mesoporous  tita¬ 
nium  oxide  and  to  improve  pore  filling  [10,11], 

Since  few  years,  spiro-OMeTAD  is  showing  increasing  perfor¬ 
mances  organic  dyes  such  as  D102  (4.1%)  [12],  or  Y123  (7.2%)  [13] 
dyes.  More  recently,  power  conversion  efficiency  reaching  15%  by 
combining  perovskite  as  sensitizer  and  spiro-OMeTAD  as  HTM  has 
been  achieved  [14],  However,  nowadays,  the  reference  spiro- 
OMeTAD  HTM  remains  still  too  expensive  for  large-scale  applica¬ 
tions.  That  is  why  the  development  of  cheaper  molecular  glasses  is 
a  crucial  challenge.  Although,  in  the  literature,  only  few  alternatives 
are  described  and  able  to  compete  with  it,  amorphous  small  mol¬ 
ecules  based  on  carbazole  moieties  have  already  been  reported 
[15-17], 

In  the  aim  of  increasing  the  range  of  cheap  amorphous  low- 
molar-mass  compounds  available  for  the  realization  of  solid-state 
DSSCs,  we  have  synthesized  star-shaped  carbazole  derivatives. 
Possessing  a  nitrogen  core,  these  molecules  have  a  tri-dimensional 
star-shaped  structure.  Their  thermal,  optical,  photoelectrical  and 
electrochemical  properties  have  been  studied.  Preliminary  results 
on  FTO/TiO2/D102/molecular  glass/Au  solid-state  DSSC  are  also 
presented  and  show  promising  results. 

2.  Experimental  details 

2.1.  Materials 

9-(4-Methoxyphenyl)carbazole  [18],  9-(2-methoxyphenyl)carbazole 
[19],  3-amino-9-(4-methoxyphenyl)carbazole  (2a)  [20]  were  synthe¬ 
sized  by  the  reported  procedures.  3-Nitro-9-(2-methoxyphenyl) 
carbazole  (lb)  was  obtained  by  a  slightly  modified  procedure  [21] 
(Table  1).  To  a  solution  of  9-(2-methoxyphenyl [carbazole  (2.2  g, 
8.1  mmol)  in  glacial  acetic  acid  (30  ml),  nitric  acid  (0.4  ml,  8.9  mmol) 
was  slowly  added.  The  mixture  was  refluxed  for  4  h.  The  resulting 
solution  was  poured  into  water.  The  precipitate  was  collected  by 
filtration  and  dried  under  vacuum.  Yield:  1.6  g  (62%)  of  a  yellow  solid. 
'H  NMR  (300  MHz,  CDC13),  8  (ppm):  3.76  (s,  3H,  -OCH3),  7.14-7.29  (m, 
4H,  Ar),  7.38-7.62  (m,  4H,  Ar),  8.21-8.24  (m,  1 H,  Ar),  8.31  -8.35  (m,  1H, 
Ar),  9.11-9.16  (m,  1H,  Ar).  MS  (ACP1+,  20  V),  m\z  (%):  319  ([M  +  H]+, 
80). 

3-Amino-9-(2-methoxyphenyl)carbazole  (2b).  3-Nitro-9-(2-meth 
oxy  phenyl  [carbazole  (1.58  g,  4.9  mmol),  SnCl2  (4.7  g,  24.8  mmol), 
acetic  acid  (50  ml)  and  concentrated  hydrochloric  acid  (35%,  5  ml) 
were  placed  into  a  round-bottom  flask.  The  mixture  was  refluxed 
under  argon  for  24  h.  The  resulting  solution  was  poured  into  an 
aqueous  sodium  hydroxide  solution  (20%,  250  ml).  The  mixture  was 
extracted  with  ethyl  acetate.  The  organic  phase  was  dried  over 
Na2SC>4,  filtrated  and  concentrated  under  vacuum.  The  residue  was 
purified  by  column  chromatography  using  hexane/ethyl  acetate  (3/ 
1 )  as  an  eluent.  Yield:  1.54  g  (92%)  of  2b.  ’H  NMR  (300  MHz,  CDC13), 
<5  (ppm):  3.73  (s,  3H,  -OCH3),  5.54  (s,  2H,  — NH2),  6.86-7.50  (m,  10H, 
Ar),  8.08  (s,  1H,  Ar).  MS  (ACP1+,  20  V),  m/z  (%):  289  ([M  +  H]+,  80). 

3-Iodo-9-(4-methoxyphenyl)carbazole  (3a)  was  prepared  by 
Tucker  iodination  reaction  [22],  9-(4-Methoxyphenyl)carbazole 


(3.4  g,  12.5  mmol),  potassium  iodide  (2.3  g,  13.7  mmol),  potassium 
iodate  (2.9  g,  13.7  mmol)  were  refluxed  in  250  ml  of  acetic  acid  for 
4  h.  The  crystallized  product  (at  ambient  temperature)  was 
washed  several  times  with  methanol  and  dried  under  vacuum. 
Yield:  4.8  g  (96%)  of  3a.  JH  NMR  (300  MHz,  CDC13),  8  (ppm):  3.96  (s, 
3H,  -OCH3),  7.12-7.17  (m,  2H,  Ar),  7.29-7.51  (m,  6H,  Ar),  7.66-7.69 
(m,  1H,  Ar),  8.19  (d,  1HJ  =  7.71  Hz,  Ar),  8.50  (s,  1H,  Ar).  MS  (ACPI+, 
20  V),  m/z  (%):  400  ([M  +  H]+,  70). 

3-Iodo-9-(2-methoxyphenyl)carbazole  (3b)  was  prepared  accord¬ 
ing  the  same  procedure  as  3a.Yield  :  94%.  'H  NMR (300  MHz,  CDC13), 
8  (ppm):  3.74  (s,  3H,  -OCH3),  7.16-7.23  (m,  4H,  Ar),  7.27-7.34  (m,  2H, 
Ar),  7.39-7.57  (m,  4H,  Ar),  7.64-7.68  (m,  1H,  Ar).  MS  (ACPI+,  20  V), 
m/z  (%):  400([M  +  H]+,  80). 

Tri(9-(4-methoxyphenyl)carbazol-3-yl)amine  (T4MPCA).  3-Amino- 
9-(4-methoxyphenyl)carbazole  (2a,  1.7  g,  5.9  mmol),  3-iodo-9-(4- 
methoxyphenyl)carbazole  (3a,  4.7  g,  11.8  mmol),  potassium  car¬ 
bonate  (4.89  g,  35.4  mmol),  copper  powder  (1.49  g,  23.6  mmol)  and 
18-crown-6  (0.2  g)  were  refluxed  in  25  ml  of  o-dichlorobenzene 
under  nitrogen  for  24  h.  Then,  copper  and  inorganic  salts  were 
filtered  off.  The  solvent  was  distilled  off  and  the  product  was  purified 
by  column  chromatography  using  hexane/ethyl  acetate  (20/1)  as  an 
eluent  and  recrystallized  from  the  same  eluent  mixture.  Yield:  0.98  g 
(20%)  of  T4MPCA  (mp:  264-265  °C).  ’H  NMR  (300  MHz,  DMSO-d6), 
8  (ppm):  3.87  (s,  9H,  -OCH3),  7.12  (t,  3H,J  =  7.25  Hz,  Ar),  7.18-7.27 
(m,  14H,  Ar),  7.37  (t,  4H  J  =  7.6  Hz,  Ar),  7.52-7.55  (d,  6H  J  =  6.69  Hz, 
Ar),  7.95  (s,  3H,  Ar),  7.99  (d,  3HJ  =  7.8  Hz,  Ar).  13C  NMR  (100  MHz, 
DMSO-d6),  <5  (ppm):  55.5  (-OCH3),  107.9,  109.0,  110.1,  111.0,  114.7, 
115.9,  119.1,  119.3,  120.6,  120.8,  122.2,  123.0,  125.8,  140.5,  141.3. 
Elemental  analysis.  Calcd.  for  CstR^Os  (%):  C  82.39,  H  5.09,  N  6.74, 
O  5.78.  Found  (%):  C  82.53,  H  5.29,  N  6.83.  IR  (KBr),  (y/cm-1):  3044, 
3000  (C-H  Ar);  2951,  2931  (C-H);  1574, 1514, 1477, 1456  (C=C  Ar); 
1368, 1345, 1319  (C-N).  MS  (ACPI+,  20  V),  m/z  (%):  831  ([M  +  H]+, 
100). 

Tri(9-(2-methoxyphenyl)carbazol-3-yl)amine  (T2MPCA)  was  pre¬ 
pared  from  3-amino-9-(2-methoxyphenyl)carbazole  (2b,  1.9  g, 
6.6  mmol),  3-iodo-9-(2-methoxyphenyl)carbazole  (3b,  5.26  g, 
13.2  mmol)  powdered  potassium  carbonate  (5.46  g,  39.6  mmol), 
copper  powder  (1.68  g,  26.4  mmol)  and  18-crown-6  (0.2  g)  in  the 
same  way  as  T4MPCA.  The  product  was  purified  by  column  chro¬ 
matography  using  hexane  as  an  eluent  and  recrystallized  from 
hexane.  Yield:  1.1  g  (20%)  of  T2MPCA  (mp:  175-176  °C).  JH  NMR 
(300  MHz,  DMSO-de).  8  (ppm):  3.81  (s,  9H,  -OCH3),  7.21- 
7.26  (m,  14H,  Ar),  7.37  (t,  4HJ  =  7.35  Hz,  Ar),  7.28-7.49  (m,  7H,  Ar), 
7.97-7.99  (m,  8H,  Ar).  13C  NMR  (100  MHz,  DMSO-d6),  8  (ppm):  56.2 
(-OCH3),  107.8,  109.9,  110.3,  112.3,  113.1,  115.7,  119.6,  119.3,  120.7, 
121.5, 122.8, 123.0, 126.0, 139.9, 141.3.  Elemental  analysis.  Calcd.  for 
C57H42N4O3  (%):  C  82.39,  H  5.09,  N  6.74,  O  5.78.  Found  (%):  C  82.52, 
H  5.21,  N  6.82.  IR  (KBr),  (r/cm-1):  3045  (C-H  Ar);  2959, 2931  (C-H); 
1596,  1508,  1479,  1461  (C=C  Ar);  1366,  1302  (C-N).  MS  (ACPI+, 
20  V),  m/z  (%):  831  ([M  +  H]+,  100). 

2.2.  Instrumentation 

'H  NMR  and  13C  NMR  spectra  were  recorded  using  Avance  III 
400  spectrometer  [400  MHz  ('H),  100  MHz  (13C)].  Mass  spectra 
were  obtained  on  a  Waters  ZQ  2000  spectrometer.  Infrared  (IR) 
spectra  were  recorded  using  Perkin  Elmer  Spectrum  GX  spec¬ 
trometer.  The  spectra  of  solid  compounds  were  performed  using 
KBr  pellets.  Mass  (MS)  spectra  were  obtained  on  a  Waters  ZQ.2000 
(Waters,  Milford,  USA). 

Differential  scanning  calorimetry  (DSC)  measurements  were 
carried  out  using  a  Perkin-Elmer  DSC-7  series  thermal  analyzer. 
Thermogravimetric  analysis  (TGA)  was  performed  on  a  Netzsch  STA 
409.  The  TGA  and  DSC  curves  were  recorded  under  nitrogen 
atmosphere  at  a  heating  rate  of  10  °C  min-1. 


Ultraviolet-visible  (UV-vis)  absorption  spectra  were  recorded 
with  Hitachi  U-3000  and  Spectronic  Unicam  Genesys  8  spectrome¬ 
ters.  Huorescence  (FL)  spectra  were  recorded  with  a  Hitachi  MPF-4 
spectrometer  (resolution  2  nm).  Dilute  solutions  (10~5  mol  L-1)  of 


the  materials  in  tetrahydrofuran  (THF)  were  used  for  the  UV-vis 
absorption  and  FL  measurements. 

The  cyclic  voltammetry  (CV)  measurements  were  carried  out 
by  a  three-electrode  assembly  cell  from  Bio-Logic  SAS  and  a 
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micro-AUTOLAB  Type  III  potentiostat-galvanostat.  The  measure¬ 
ments  were  carried  out  with  a  glassy  carbon  electrode  in 
dichloromethane  solutions  containing  0.1  M  tetrabutylammo- 
nium  perchlorate  (TBAP)  as  electrolyte.  Ag/AgN03  0.01  M  as  the 
reference  electrode,  and  a  Pt  wire  counter  electrode.  All  the 
experiments  were  calibrated  with  the  standard  ferrocene/ferro- 
cenium  redox  system  as  internal  reference. 

The  ionization  energies  (£/)  of  thin  layers  of  the  materials  were 
measured  by  electron  photoemission  method  in  air  as  described 
earlier  [23,24],  The  samples  for  the  ionization  energy  measure¬ 
ments  were  prepared  as  reported  previously  [23],  The  active 
materials  were  dissolved  in  THF  and  were  coated  on  Al  plates  pre¬ 
coated  with  ca.  0.5  pm  thick  adhesive  layer  of  methyl  methacrylate 
and  methacrylic  acid  copolymer  (MKM).  The  function  of  this  layer 
was  not  only  to  improve  adhesion,  but  also  to  eliminate  the  electron 
photoemission  from  Al  layer.  In  addition,  the  MKM  layer  is 
conductive  enough  to  avoid  charge  accumulation  during  the  mea¬ 
surements.  The  thickness  of  the  layers  was  0.5-1  pm. 

2.3.  Preparation  of  the  devices 

F-doped  tin  oxide  glass  substrates  (FTO,  Solaronix  TC02215, 
15  Ohm  square-1)  were  subsequently  washed  in  an  ultrasonic  bath 
for  10  min  in  acetone,  isopropanol  and  water.  After  a  final  UV-ozone 
cleaning  step  (10  min),  a  compact  Ti02  layer  (~200  nm)  was 
deposited  by  chemical  spray-pyrolysis  at  450  °C  [25]  from  a  solu¬ 
tion  of  titanium  tetra-isopropoxide  and  acetylacetone  in  ethanol 
(Sigma— Aldrich)  and  then  annealed  at  450  °C  for  20  min  in  air. 
A  mesoporous  layer  of  Ti02  was  spin-coated  on  the  compact  layer 
from  a  dilute  commercial  TiC>2  paste  (DSL  18NRT,  Dyesol),  followed 
by  a  ramped  sintering  step  in  air  up  to  500  °C  over  45  min.  The 
obtained  porous  electrode  (2  pm  thick)  were  then  immersed  in  a 
0.02  M  aqueous  TiCLj  solution  for  2  h  at  room  temperature  [26,27] 
before  rinsing  and  sintered  at  500  °C  for  45  min.  The  sensitization 
of  the  nanocrystalline  electrode  was  realized  by  soaking  the  film  in 
a  0.6  mM  solution  of  indoline  D102  dye  (Mitsubishi  Paper 
Mills,  Japan)  in  a  mixture  of  acetonitrile  :tert-butanol  (1:1  vol%) 
(Sigma— Aldrich)  overnight  at  80  °C.  After  rinsing  with  acetonitrile, 
the  dye-sensitized  electrode  was  infiltrated  with  the  organic  hole 


conductor  by  spin  coating  from  a  solution  of  either  spiro-OMeTAD 
or  T4MPCA  in  chlorobenzene  (Sigma— Aldrich)  at  200  mg  ml-1. 
Li(CF3S02)2N  and  tert-butylpyridine  additives  were  used  in  all 
cases,  following  conventional  procedures  reported  in  the  literature 
[28],  Before  spin-coating,  the  solution  of  hole-transporting  material 
was  heated  at  100  °C  to  ensure  a  complete  solubilization.  The 
solution  was  then  dispensed  on  the  dye-sensitized  substrates  for 
40  s  before  the  rotation. 

Gold  top  electrodes  were  finally  evaporated  under  vacuum 
using  shadow  masks  that  define  two  active  areas  per  substrates 
(0.18  cm2  each). 

The  current  density-voltage  (/-V)  characteristics  were  recor¬ 
ded  in  air  using  a  Keithley  2400  source-measure  unit,  in  the  dark 
and  under  simulated  solar  emission  (ORIEL,  1600W,  AM1.5G).  The 
spectral  mismatch  between  the  emission  of  the  solar  simulator  and 
the  global  AM1.5G  solar  spectrum  (ASTM  G173-03)  was  corrected 
using  a  mismatch  factor  [29]  and  the  solar  simulator  irradiance  was 
adjusted  accordingly  using  a  certified  silicon  reference  cell  in  order 
to  achieve  an  equivalent  irradiance  of  one  sun  (100  mW  cm-2)  on 
the  test  cells. 

3.  Results  and  discussion 

3.1.  Synthesis 

The  synthetic  route  to  the  star-shaped  tri(9-(methoxyphenyl) 
carbazol-3-yl)amine  T2MPCA  and  T4MPCA  is  shown  on  Fig.  1.  The 
target  molecules  were  synthesized  by  a  Ullmann  coupling  reaction 
from  the  two  carbazole  derivative  units  2a, b  and  3a, b.  The  prepa¬ 
ration  of  both  units  was  started  from  the  functionalization  of  9- 
methoxyphenyl-carbazole  in  C-3  position  by  a  nitro-  (la,b)  and 
an  iodo  group  (3a, b)  respectively  with  nitric  and  mixture  KI/KI03. 
The  Tucker  iodination  reaction  gave  3-iodo-9(methoxyphenyl) 
carbazole  (3a, b)  with  the  yield  over  90%.  The  preparation  of  2a, b 
was  a  two-step  synthesis  involving  nitration  then  reduction  re¬ 
actions,  leading  to  the  introduction  of  the  amino-group  in  C-3  po¬ 
sition  of  the  carbazole  moiety,  with  an  over  yield  around  60%. 
Finally,  the  star  shape  target  molecules  T2MPCA  and  T4MPCA 
were  synthesized  by  reacting  one  equivalent  of  3-amino-9- 


Fig.  1.  Synthesis  of  T4MPCA  and  T2MPCA.  Reagents , 
24  h,  (iv)  KI,  KI03t  acetic  acid,  4  h. 


s:  (i)  acetic  acid,  HN03, 4  h,  (ii)  SnCl2,  acetic  acid,  HC1, 24  h,  (iii)  K2C03,  Cu,  18-c 


n-6,( 


robenzene,180°C, 
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(methoxyphenyl)carbazole  (2a, b)  with  two  equivalents  of  3-iodo- 
9-(methoxyphenyl)carbazole  (3a, b)  in  o-dichlorobenzene  using 
Ullmann  conditions  (20%  yield).  'H  and  13C  NMR,  IR,  mass 
spectrometry  and  elemental  analysis  confirmed  that  the  target 
molecules  were  obtained. 

T2MPCA  and  T4MPCA  differ  only  by  the  position  of  — OMe 
groups  in  the  methoxyphenyl  subunit.  The  difference  has  an  effect 
on  the  solubility  of  the  final  product.  T4MPCA  have  better  solubility 
in  common  organic  solvents  such  as  THF,  acetone,  chloroform. 

3.2.  Thermal  properties 

The  behavior  under  heating  of  T4MPCA  and  T2MPCA  was 
studied  by  DSC  and  TGA.  Both  molecules  show  high  thermal  sta¬ 
bility  as  demonstrated  by  their  high  values  of  T/d  (5%  weight  loss 
temperature).  T4MPCA  and  T2MPCA  showed  respectively  a  TID  of 
490  °C  and  480  °C  which  are  higher  than  those  of  carbazole 
derivatives  mono  and  difunctionalized  with  di-methoxy  phenyl 
groups  [16].  T4MPCA  and  T2MPCA  were  obtained  as  crystalline 
materials;  however  they  can  be  transformed  in  to  a  quasi-stable 
solid  amorphous  state.  The  DSC  thermograms  of  T4MPCA  are 
shown  in  Fig.  2.  The  sample  of  T4MPCA  revealed  melting  transition 
at  262  °C  during  the  first  DSC  heating  scan.  No  crystallization 
exotherm  and  melting  endotherm  were  observed  in  the  following 
cooling  and  heating  scans.  Only  one  endothermic  signal  assigned  to 
a  glass  transition  was  observed  at  164  °C  which  is  characteristic  of  a 
molecular  glass  behavior.  No  changes  were  observed  after  succes¬ 
sive  melting/cooling  cycles  indicating  that  the  amorphous  state  is 
meta-stable.  It  can  be  noticed  that  the  stable  amorphous  state  of 
the  hole  transporting  materials  is  crucial  to  ensure  a  suitable 
interface  between  the  semi-conductor  organic  layer  and  the 
sensitized  titanium  oxide.  The  values  of  the  glass  transition  tem¬ 
perature  are  quite  high  in  comparison  with  those  of  the  standard 
hole  transporting  material  used  in  the  solid-state  DSSC  i.e.  spiro- 
OMeTAD  (120  °C)  [30],  These  values  are  also  considerably  higher 
than  those  observed  for  the  promising  difunctionalized  carbazoles 
recently  published  by  our  group  as  hole-transporting  materials  for 
high  efficiency  solid  state  DSSC  [  1 5  ] .  These  higher  Tg  are  expected  to 
improve  the  stability  of  the  amorphous  state  of  the  HTM  and  the 
stability  of  the  ssDSSC  without  structural  reorganization  such  as 
crystallization  of  the  organic  semiconducting  layer  even  at  high 
temperature. 


Temperature,  °C 


Fig.  2.  DSC  curves  of  T4MPCA  (heating  rate  10  °C  min-1,  N2  atmosphere). 
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Fig.  3.  Absorption  and  normalized  fluorescence  (Aex  =  320  nm)  spectra  of  the  dilute 
(10  5  M)  THF  solutions  of  T4MPCA  and  PHCZ. 

3.3.  Optical  properties 

UV— vis  absorption  and  fluorescence  (FL)  spectra  of  dilute  THF 
solutions  of  T4MPCA  are  shown  in  Fig.  3.  The  wavelengths  of  the 
different  absorption  bands  are  listed  in  Table  1.  T4MPCA  exhibits  the 
main  absorption  peak  at  322  nm  associated  with  the  7t— 7t*  transi¬ 
tion  and  two  other  bands  weak  in  intensity  at  375  nm  and  420  nm. 
For  the  comparison,  the  UV— vis  spectrum  of  9-phenylcarbazole 
(PHCZ)  is  given  in  Fig.  3.  T4MPCA  demonstrates  a  red  shift  of  the 
absorption  with  respect  of  PHCZ.  This  increase  of  conjugation  along 
the  molecule  shows  that  an  electronic  delocalization  through  the 
central  nitrogen  atom  of  T4MPCA  occurs.  The  FL  emission  spectra  of 
the  synthesized  stars  also  show  red  shifts  by  ca.  100  nm  compared 
to  the  PHCZ  spectrum.  Although  the  electronic  delocalization  is 
increased  through  the  T4MPCA,  the  material  does  not  absorb  in  the 
visible  range.  It  means  that,  associated  with  a  specific  dye  such  as 
the  classical  (5-(l,2,3,3a,4,8b-hexahydro-4-[4-(2,2-diphenylvinyl) 
phenyl  ]-cyclopeanta[fa]  indole-7-ylmethylene)-4-oxo-2-thioxo-thia- 
zolidin-3-yl)acetic  acid  named  D102  (/max  =  501  nm),  the  hole¬ 
transporting  molecular  glass  cannot  hinder  neither  the  absorption 
of  the  dye  nor  its  photoexcitation  and  charge  transfer.  The  optical 
band  gaps  (£|p),  evaluated  from  the  absorption  edges  of  the  spectra 
of  diluted  solution  are  2.76  eV  for  both  compounds,  which  is 
slightly  lower  than  that  of  the  spiro-OMeTAD  (2.98  eV)  [17], 
Moreover,  as  expected,  the  ortho  position  of  the  methoxy  group  of 
the  star-shaped  structure  (T2MPCA)  does  modify  neither  the 
absorbance  nor  the  fluorescence  spectrum  compared  to  those  of 
T4MPCA  (see  Table  2). 

3.4.  Electrochemical  and  photoelectrical  properties 

The  cyclic  voltammograms  of  the  dilute  solutions  of  T4MPCA 
and  T2MPCA  in  dichloromethane/0.1  M  tetrabutylammonium 

Table  2 

Thermal,  optical  and  energetic  characteristics  of  T4MPCA  and  T2MPCA. 

Compound  Tg  Tm  Tm  UV,  Amax  (nm)  FL,  Amax  EJP 

(°C)  (°C)  (°C) (nm)  (eV) 

T4MPCA  164  262  490  322,375,420  460  2.76 

T2MPCA  175  308  480  322,374,420  460  2.76 

PHCz  293, 327, 340  359  3.57 
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perchlorate  showed  one  reversible  redox  couple  (Fig.  4).  T4MPCA 
showed  an  oxidation  potential  peak  Epa  of  0.22  V  (vs  Fc:Fc+)  and  a 
Ei/2  [defined  as  (Epa  +  Fpc)/2]  of  0.18  V.  Meanwhile  T2MPCA  showed 
an  oxidation  potential  peak  Epa  of  0.20  V  (vs  Fc:Fc+)  and  £1/2  of 
0.16  V.  In  both  measurements,  the  value  of  the  A £p  [defined  as 
(Epa  -  Epc)]  was  around  0.08  V  which  indicate  a  quasi-reversible 
mono-electronic  process. 

T4MPCA,  T2MPCA  possess  open  reactive  C-6  position  but  exhibit 
stable  redox  system  since  the  formation  of  radical  cations  during 
the  oxidation  did  not  lead  to  the  creation  of  a  new  signal  of 
carbazole  dimer  as  classically  observed  for  monosubstituted 
carbazole  [31],  Moreover,  repetitive  cycling  did  not  give  the 
increasing  currents  characteristic  of  polymerization/crosslinking  as 
it  would  be  the  case  for  a  coupling  of  cation  radical  of  carbazole 
moieties. 

The  radical  cation  formed  during  the  anodic  process  could  be 
due  to  the  oxidation  of  the  nitrogen  core  of  the  star-shaped  struc¬ 
ture.  By  comparison  the  oxidation  process  of  triphenylamine 
molecule  shows  the  first  reversible  redox  system  at  £1/2  0.33  V 
(with  A Ep  =  0.14  V).  The  carbazole  moieties  would  more  effectively 
stabilize  the  oxidized  species  of  the  molecule  by  comparison  to 
phenyl  groups. 

In  order  to  determine  the  energetic  conditions  for  energy  and 
electron  transfer  in  the  device,  the  solid  state  ionization  potential 
(IPs)  and  solid  state  Electron  Affinity  (EAs)  values  were  calculated 
from  electrochemistry  and  optical  measurements. 

The  IPs  is  estimated  from  the  £1/2  of  the  redox  system  of 
T4MPCA  and  T2MPCA  at  4.98  eV  and  4.96  eV  respectively  (based  on 
the  relation  IPs  =  eE$]°  +  4.8  eV  where  e  is  the  electronic  charge  and 
where  the  potential  is  relative  to  ferrocenium/ferrocene  [32—34], 
The  EAs  of  T4MPCA  and  T2MPCA  were  determined  from  the  rela¬ 
tion  EAs  =  IPs  -  £)?pt  where  £^pt  is  an  estimate  of  the  energy  of  the 
first  singlet  excited  state,  0-0  transition).  The  values  are  respec¬ 
tively  2.22  eV  and  2.20  eV.  All  the  electrochemical  and  energy  levels 
values  are  resumed  in  Table  3. 

The  Ionization  Energy  of  T4MPCA  and  T2MPCA  were  also 
measured  by  the  electron  photoemission  (£;)  as  described  in  the 
literature  [17]  and  the  results  are  presented  in  Fig.  5  and  Table  2. 
The  organic  materials  investigated  were  stable  enough  to  perform 
the  measurements  in  air.  The  £/  values  of  both  compounds  were 
found  to  be  comparable,  i.e.  4.96  eV  and  4.92  eV  respectively  for 
T4MPCA  and  T2MPCA  and  closed  to  the  IPs  values  obtained  by  the 


Compound  £pc(V)  Epa(V)  £1/2  (V)  JPf  (eV)  EAs(eV)  £,a(eV) 

T4MPCA  0.14  0.22  0.18  -4.98  -2.22  4.96 

T2MPCA  0.12  0.20  0.16  -4.96  -2.20  4.91 

a  Ionization  energy  was  measured  by  the  photoemission  in  air  method  from  films. 


electrochemistry  way.  It  is  obvious  that  the  values  of  £/  of  the  star¬ 
shaped  carbazole-based  derivatives  are  lower  as  compared  with 
those  of  linear  carbazole  trimers,  i.e.  3,6-  or  2,7-(9-carbazolyl) 
disubstituted  derivatives  of  carbazole  [35]  and  with  those  of  the 
materials  containing  electronically  isolated  carbazolyl  groups  [36], 
It  would  confirm  that  the  central  nitrogen  atom  participate  to  the 
electronic  delocalization  of  the  carbazole  as  discussed  in  the  elec¬ 
trochemistry  part. 

3.5.  Photovoltaic  properties  of  solid-state  DSSCs  and  discussion 

The  photovoltaic  properties  of  solid  state  DSSC  devices  con¬ 
taining  T4MPCA  and  T2MPCA  as  HTMs  were  estimated  under 
simulated  AM  1.5  irradiation  condition  (100  mW  cm-2)  by  using 
two  electrodes  of  SnC^iF  (4.7  eV)  and  Au  (5.1— 5.4  eV).  The  com¬ 
mercial  indoline  D102  dye  was  used  as  organic  sensitizer,  as  it 
makes  a  relevant  reference  to  assess  the  new  HTM  proposed  within 
this  work. 

As  already  described  in  Refs.  [37—39],  the  use  of  additives  with 
the  HTM  is  generally  necessary  to  improve  the  photovoltaic  perfor¬ 
mance  of  the  device.  First,  lithium  bistrifluoromethanesulfonamide 
(LiTFSI)  is  known  to  increase  the  performance  of  the  solar  cells  in 
terms  of  photocurrent  as  well  as  open  circuit  voltage  [37],  Then,  tert- 
butylpyridine  is  added  to  allow  solubilization  of  the  lithium  salt  and 
also  to  increase  the  open  circuit  voltage  through  various  mechanisms 
described  in  the  literature  [38,39]. 

The  photocurrent-voltage  (J— V)  characteristics  of  the  devices 
are  shown  in  Fig.  6a.  As  reference,  a  solid-state  DSSC  device  has 
been  built  using  spiro-OMeTAD.  The  photovoltaic  parameters  of  the 
devices,  such  as  open-circuit  photovoltage  (V0c),  short-circuit 
photocurrent  density  (Jsc),  fill  factor  (££),  and  solar-to-electrical 
energy  conversion  efficiency  (rj)  are  summarized  in  Table  3. 

The  results  obtained  with  the  device  containing  T4MPCA  as 
HTM  show  a  high  Jsc  value  of  8.85  mA  cm-2  which  is  slightly  higher 
that  the  reference  cell  based  on  spiro-OMeTAD  (8.15  mA  cm-2) 


fiv(eV) 

Fig.  5.  Electron  photoemission  spectra  of  the  layers  of  T4MPCA  and  T2MPCA. 
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Fig.  6.  J-V  curves  of  T2MPCA  (dot),  T4MPCA  (dash)  and  spiro-OMeTAD  (solid)  a)  under  illumination  of  simulated  solar  light  (AM  1.5, 100  mW  cm-2);  b)  in  the  dark;  c)  incident- 
photon-to-current  conversion  efficiency  (IPCE)  of  devices  with  spiro-OMeTAD  (diamond)  and  T4MPCA  (square). 


under  the  same  preparation  conditions  (Fig.  6a).  This  result  in¬ 
dicates  that  the  regeneration  of  the  photo-oxidized  T4MPCA  dye 
and  the  charge  transport  to  the  electrode  are  efficient.  Indeed,  IPs  of 
D102:  5.2  eV  (evaluated  from  electrochemistry  by  CV  in  the  same 
experimental  conditions)  and  in  agreement  with  the  literature  [40] 
is  quite  well  adapted  to  that  of  T4MPCA  (4.98  eV)  for  an  efficient 
transfer  and  regeneration  of  the  photo-oxidized  dye  [41  ].  According 
to  our  recent  results  of  solid  state  DSSC  using  3,6-di(4,4'-dime- 
thoxydiphenylaminyl)-9-phenylcarbazole  as  hole  transporting 
layer  with  similar  IPs  (4.95  eV),  the  driving  force  (defined  as 
IPs(htm)  -  IPs(Dye))  >0.2  eV  is  sufficient  to  ensure  high  power  con¬ 
version  efficiency  [15]. 

From  the  J—V  comparative  measurements  obtained  in  the  dark 
(Fig.  6b),  the  turn  on-voltage  of  the  cell  containing  T4MPCA  (around 
0.4  V)  is  lower  than  that  containing  piro-OMeTAD  (around  0.6  V). 
The  device  containing  T2MPCA  shows  the  highest  turn-on  voltage 
(around  0.7  V).  This  difference  seems  to  indicate  that  T4MPCA  is 
slightly  less  resistive  than  spiro-OMeTAD  and  T2MPCA.  The 
T2MPCA  seems  to  be  the  most  resistive  FITM  among  the  three 
molecules  due  to  its  highest  turn-on  voltage.  The  open-circuit 
voltage  ( Voc)  of  DSSCs  can  be  generally  estimated  by  the  differ¬ 
ence  between  the  quasi-Fermi  level  of  electrons  in  Ti02  and  the 
electrochemical  potential  of  the  redox  medium  HTM/HTM 1  [42], 
These  values  should  be  very  close  for  devices  based  on  T4MPCA, 
T2MPCA  and  spiro-OMeTAD,  since  they  exhibit  similar  potentials 
[17],  Nevertheless,  device  using  T4MPCA  exhibits  a  VQC  of  0.74  V, 
50  mV  lower  than  the  reference  cell.  The  device  using  T2MPCA 


exhibits  a  Voc  of  0.73  V,  60  mV  lower  than  the  reference  cell.  The 
decrease  of  Voc  is  associated  with  the  decrease  of  FF  for  these  cells 
compared  to  spiro-OMeTAD.  Indeed,  the  FF  is  limited  to  34%  and 
30%  respectively  for  T4MPCA  and  T2MPCA  although  this  value 
reaches  62%  with  the  reference  cell.  Several  factors  can  explain  this 
trend.  First,  a  poor  Ti02  pore  filling  by  T4MPCA  and  T2MPCA  could 
be  responsible  of  a  poor  Ti02/dye/HTM  interface  area  and  interface 
quality.  According  to  the  literature,  an  optimized  concentration 
around  170-200  mg  ml-1  [43]  is  required  to  obtain  a  suitable  filling 
of  the  FITM  inside  the  mesoporous  Ti02.  This  parameter  is  thus  a 
key  parameter  to  optimize  the  performance  of  solid-state  DSSC 
[44],  We  observed  that  the  solubility  of  T4MPCA  and  T2MPCA  in 
chlorobenzene  at  room  temperature  is  largely  lower  than 
200  mg  ml-1.  Thus,  heating  the  HTMs  solutions  at  150  °C  and  180  °C 
respectively  for  T4MPCA  and  T2MPCA  prior  to  electrode  infiltration 
were  required  to  completely  solubilize  the  molecular  glasses.  It  is 
therefore  reasonable  to  suggest  that  the  low  solubility  of  T4MPCA 
and  T2MPCA  can  induce  a  poor  filling  of  the  sensitized  TiC>2  elec¬ 
trode,  leading  to  a  poor  quality  of  the  Ti02/dye/HTM  interface. 

Moreover,  a  lower  shunt  resistance  can  be  estimated  for  the  new 
compounds  compared  to  spiro-OMeTAD,  associated  to  the  reduced 
FF  observed  for  T4MPCA  (Table  4).  This  could  indicate  that  the 
experimental  conditions  used  for  the  HTM  infiltration  are  not 
optimized.  In  particular,  a  residual  HTM  top  layer  is  usually  crucial 
for  proper  device  operation  [11,44]  as  it  improves  the  selectivity  of 
the  gold  top  electrode  for  hole  collection,  reducing  the  apparent 
shunts.  This  parameter  remains  to  be  investigated  for  the  T4MPCA 
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Table  4 

Photovoltaic  parameters. 

Composition  Jsc  V„c  FF  Rsh  (O)  Rs  Eff  (%) 

[mAcm-2]  [mV]  (%) (£5) 
Ti02/D102/Spiro/Au  8.15  790  62  10,112  110  3.94 

Ti02/D102/T4MPCA/Au  8.85  740  34  5260  266  2.23 

Ti02/D102/T2MPCA/Au  1.57  730  30  2113  2296  0.30 


HTM.  The  T2MPCA  compound  is  associated  with  a  very  poor 
photovoltaic  effect,  although  a  reasonable  open-circuit  voltage, 
similar  to  that  of  T4MPCA,  is  evidenced.  Considering  the  quite 
similar  electronic  properties  of  T2MPCA  and  T4MPCA  (energetic 
levels),  the  very  low  photocurrent  (1.57  mA  cm-2)  and  high  series 
resistance  (>2  kOhms)  observed  for  the  device  using  the  former 
seem  to  indicate  that  a  very  poor  pore  filling  and  interface  quality, 
or  poor  charge  transport  properties  occur.  The  lower  solubility  of 
T2MPCA  compare  toT4MPCA  can  explain  this  drop  in  performance; 
however,  the  electronic  properties  of  the  material  can  also  be 
responsible  of  this  observation,  through  low  charge  transport 
properties.  Indeed,  T2MPCA  has  the  highest  turn-on  voltage  indi¬ 
cating  that  the  transport  in  this  material  is  lower  compared  to 
T4MPCA  and  spiro-OMeTAD. 

The  incident  photon-to-electron  conversion  efficiencies  (1PCE)  as 
a  function  of  wavelength  for  the  two  solid-state  DSSC  (with  T4MPCA 
and  spiro-OMeTAD)  are  studied  (Fig.  6c).  Both  devices  exhibit  com¬ 
parable  photocurrent  responses  in  the  range  320—650  nm.  In 
particular,  the  contribution  of  the  D102  dye  to  current  generation  is 
found  to  be  very  similar.  No  specific  contribution  of  the  HTM  can  be 
observed  in  the  spectra. 

T4MPCA  device  exhibits  a  PCE  of  2.23%  under  standard  solar 
emission.  To  the  best  of  our  knowledge,  this  value  is  one  of  the 
highest  reported  to  date  for  single  star-shaped  p-type  semi¬ 
conductor  materials  [45],  Even  if  the  efficiency  is  still  lower  than 
that  of  the  standard  HTM,  significant  improvements  are  expected 
by  increasing  the  solubility  of  the  molecule  at  room  temperature  to 
favor  pore  filling  leading  to  larger  FF  and  Voc  parameters. 

Transient  photovoltage  decay  measurements  were  performed  to 
better  interpret  the  photovoltaic  performance  of  the  devices.  The 
recombination  kinetics  are  estimated  under  open-circuit  condition 
for  solar  cells  based  on  spiro-OMeTAD  and  T4MPCA  respectively. 
The  corresponding  decay  times  are  plotted  in  Fig.  7.  Recombination 
is  found  to  be  slightly  slower  at  low  light  intensities  for  device 
based  on  compound  T4MPCA  compared  to  spiro-OMeTAD.  Under 
high  illumination  intensities  (up  to  80  mW  cm-2),  recombination  is 
found  to  be  faster  for  device  based  on  compound  T4MPCA 
compared  to  spiro-OMeTAD.  A  faster  charge  recombination  for 
T4MPCA  is  consistent  with  the  reduced  open-circuit  voltage 
observed  in  the  J(V)  characteristics  under  full  sun  for  this  device 
compared  to  spiro-OMeTAD.  Moreover,  the  different  slopes  evi¬ 
denced  for  both  devices  indicate  that  slightly  different  recombi¬ 
nation  mechanisms  are  occurring  which  could  be  due  to  change  in 
the  local  configuration  of  the  molecular  glass  in  relation  with  D102. 
Further  investigations  are  necessary  to  better  understand  these 
different  recombination  mechanisms. 

To  summarize,  our  analysis  show  interesting  potentialities  for 
the  new  star-shaped  carbazole  compounds  developed  in  this  work, 
especially  for  the  T4MPCA  molecular  glass.  The  high  photocurrent 
observed  for  this  device  is  a  consequence  of  suitable  electronic 
properties.  In  particular,  a  suitable  energetic  configuration  with 
regard  to  the  organic  D102  dye  ensure  an  efficient  regeneration 
mechanisms,  leading  to  an  impressive  photocurrent  density 
(8.85  mA  cm-2)  if  we  consider  the  very  poor  fill  factor  (only  34%) 
that  are  evidenced  in  these  non-optimized  devices.  Considering 
this  current  level,  charge  transport  properties  are  likely  to  reach 
very  descent  values.  We  emphasize  that  in  this  context,  the  HTM 
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Fig.  7.  Transient  photovoltage  and  photocurrent  characteristics  of  devices  with 
T4MPCA  (black  circle)  and  spiro-OMeTAD  (gray  square). 

charge  mobility  hence  device  FF,  would  also  strongly  benefit  from 
doping  strategies,  keeping  in  mind  that  the  highest  efficiency  to 
date  of  an  organic  dye-sensitized  solid-state  DSSC  was  achieved 
using  a  cobalt  dopant  [13],  Moreover,  it  is  worth  noting  that  opti¬ 
mized  D102-sensitized  solid  state  DSSCs  usually  deliver  up  to 
9.3  mA  cm-2  at  best  [28],  In  this  context,  our  T4MPCA  device  can  be 
considered  as  a  highly  promising  system.  A  careful  optimization  of 
the  HTM  deposition  conditions,  in  order  to  ensure  a  high  filling 
fraction  and  improved  HTM  overlayer,  can  reasonably  lead  to  fill 
factors  of  at  least  50%,  leading  to  power  conversion  efficiencies  in 
the  order  of  4%,  indicating  that  this  new  HTM  can  efficiently 
compete  with  the  existing  reference. 

4.  Conclusion 

Two  star-shaped  carbazole  based  molecular  glasses  were  syn¬ 
thesized  and  their  thermal,  optical,  photophysical,  electrochemical 
properties  were  studied.  These  new  HTM  showed  high  glass  tran¬ 
sition  temperatures  at  164  °C  and  175  °C  respectively  for  T4MPCA 
and  T2MPCA,  as  measured  by  differential  scanning  calorimetry. 
T4MPCA  and  T2MPCA  exhibited  high  thermal  stability  with  5% 
weight  loss  temperatures  of  490  °C  and  480  °C,  respectively.  The 
star-shaped  molecules  showed  absorption  in  the  range  of  225— 
450  nm  and  an  estimated  band  gap  of  2.75  eV.  The  tri(9-(methox- 
yphenyl)carbazol-3-yl)amines  were  found  to  be  electrochemically 
stable;  their  cyclic  voltammograms  showed  reversible  oxidation 
behavior.  The  solid  state  ionization  potential  IPs  of  the  star-shaped 
carbazole  trimers  were  found  to  be  4.98  and  4.96  eV  and  well 
adapted  to  an  efficient  regeneration  of  the  photo-oxidized  dye.  A 
typical  solid  state  dye  sensitizer  solar  cell  was  realized  with  T4MPCA 
and  T2MPCA  as  hole  transporting  materials.  Due  to  its  higher  solu¬ 
bility  in  chlorobenzene,  T4MPCA  is  more  filled  in  the  porous  oxide 
which  improve  its  PV  performances.  Without  device  optimization,  a 
power  conversion  efficiency  of  2.23%  was  achieved  with  this  new 
hole  transporting  material  (T4MPCA)  with  a  Jsc  of  8.85  mA  cm-2, 
which  is  found  to  be  higher  than  that  of  the  reference  device  based 
on  spiro-OMeTAD.  These  efficiencies  are  shown  to  be  one  of  the 
highest  known  for  star-shaped,  triphenylamino  type,  molecules. 
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